Research continues toward the goal of treating type 1 diabetes by replacing insulin-producing beta cells. Ideally, such treatment would be safe and long-lasting and would eliminate the need for subcutaneous insulin replacement. This article reviews the current state of beta-cell replacement through transplant of the whole pancreas or of islet cells. It also looks at the "bionic" pancreas and other future challenges.
W
ith intensive insulin regimens and home blood glucose monitoring, patients with type 1 diabetes are controlling their blood glucose better than in the past. Nevertheless, glucose regulation is still imperfect and tedious, and striving for tight glycemic control poses the risk of hypoglycemia.
A more physiologic approach would seem like a good idea, ie, replacing the insulinproducing beta cells, which are destroyed in an autoimmune process in type 1 diabetes. Immunosuppressive therapy and surgical technique have improved to the point that pancreas transplant is now an alternative to injectable insulin for patients receiving kidney transplants, patients with severe and frequent hyper-or hypoglycemic episodes, and those for whom insulin therapy has failed. In addition, researchers are studying the promising but challenging avenue of transplanting only the islets of Langerhans, which contain the beta cells, the glucagon-producing alpha cells, and other hormone-producing cells ( Table 1) .
Prominent among the challenges are the sheer numbers involved. Some 1.25 million Americans have type 1 diabetes, and another 30 million have type 2, but only about 7,000 to 8,000 pancreases are available for transplant each year. 1 While awaiting a breakthroughperhaps involving stem cells, perhaps involving organs obtained from animals-an insulin pump may offer better diabetes control for many. Another possibility is a closed-loop system with a continuous glucose monitor that drives a dual-infusion pump, delivering insulin when glucose levels rise too high, and glucagon when they dip too low.
A key drawback to islet transplant is the need for multiple donors to provide enough islet cells to achieve insulin independence.
As with other organs for transplant, the need for donor pancreases far outnumbers the supply. Stem cells or beta cells grown from stem cells may avoid this problem. Another potential solution is to use organs from animals, possibly pigs, but much more work is needed to make these procedures viable.
While we await a breakthrough in beta-cell therapy, a bionic pancreas may be the answer for a number of patients.
■ DIABETES WAS KNOWN IN ANCIENT TIMES
About 3,000 years ago, Egyptians described the syndrome of thirst, emaciation, and sweet urine that attracted ants. The term diabetes (Greek for siphon) was first recorded in 1425; mellitus (Latin for sweet with honey) was not added until 1675. In 1857, Bernard hypothesized that diabetes was caused by overproduction of glucose in the liver. This idea was replaced in 1889, when Mering and Minkowski proposed the dysfunctional pancreas theory that eventually led to the discovery of the beta cell. 2 In 1921, Banting and Best isolated insulin, and for the past 100 years subcutaneous insulin replacement has been the mainstay of treatment. But starting about 50 years ago, researchers have been looking for safe and longlasting ways to replace beta cells and eliminate the need for exogenous insulin replacement.
■ TRANSPLANTING THE WHOLE PANCREAS
The first whole-pancreas transplant was performed in 1966 by Kelly et al, 3 followed by 13 more by 1973. 4 These first transplant grafts were short-lived, with only 1 graft surviving longer than 1 year. Since then, more than 12,000 pancreases have been transplanted worldwide, as refinements in surgical techniques and immunosuppressive therapies have improved patient and graft survival rates. 4 Today, most pancreas transplants are in patients who have both type 1 diabetes and end-stage renal disease due to diabetic nephropathy, and most receive both a kidney and a pancreas at the same time. Far fewer patients receive a pancreas after previously receiving a kidney, or receive a pancreas alone.
The bile duct of the transplanted pancreas is usually routed into the patient's small intestine, as nature intended, and less often into the bladder. Although bladder drainage is associated with urinary complications, it has the advantage of allowing measurement of pancreatic amylase levels in the urine to monitor for graft rejection. With simultaneous pancreas and kidney transplant, the serum creatinine concentration can also be monitored for rejection of the kidney graft.
Current immunosuppressive regimens vary but generally consist of anti-T-cell antibodies at the time of surgery, followed by lifelong treatment with the combination of a calcineurin inhibitor (cyclosporine or tacrolimus) and an antimetabolite (mycophenolate mofetil or azathioprine).
Outcomes are good. The rates of patient and graft survival are highest with simultaneous pancreas-kidney transplant, and somewhat lower with pancreas-after-kidney and pancreas-alone transplant. 
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Benefits of pancreas transplant
Most recipients can stop taking insulin immediately after the procedure, and their hemoglobin A 1c levels normalize and stay low for the life of the graft. Lipid levels also decrease, although this has not been directly correlated with lower risk of vascular disease. 4 Transplant also reduces or eliminates some complications of diabetes, including retinopathy, nephropathy, cardiomyopathy, and gastropathy.
For example, in patients undergoing simultaneous pancreas-kidney transplant, diabetic nephropathy does not recur in the new kidney. Fioretto et al 5 reported that nephropathy lesions reversed during the 10 years after pancreas transplant.
Kennedy et al 6, 7 found that preexisting diabetic neuropathy improved slightly (although neurologic status did not completely return to normal) over a period of up to 42 months in a group of patients who received a pancreas transplant, whereas it tended to worsen in a control group. Both groups were assessed at baseline and at 12 and 24 months, with a subgroup followed through 42 months, and they underwent testing of motor, sensory, and autonomic function. 6, 7 Disadvantages of pancreas transplant Disadvantages of whole-pancreas transplant include hypoglycemia (usually mild), adverse effects of immunosuppression, potential for surgical complications including an increased rate of death in the first 90 days after the procedure, and cost.
In an analysis comparing the 5-year estimated costs of dialysis, kidney transplant alone from cadavers or live donors, or simultaneous pancreas-kidney transplant for diabetic patients with end-stage renal disease, the least expensive option was kidney transplant from a live donor. 8 The most expensive option was simultaneous pancreas-kidney transplant, but quality of life was better with this option. The analysis did not consider the potential cost of long-term treatments for complications related to diabetes that could be saved with a pancreas transplant.
Data conflict regarding the risk of death with different types of pancreas transplants. A retrospective cohort study of data from 124 US transplant centers reported in 2003 found higher mortality rates in pancreas-alone transplant recipients than in patients on a transplant waiting list receiving conventional therapy. 9 In contrast, a 2004 study reported that after the first 90 days, when the risk of death was clearly higher, mortality rates were lower after simultaneous pancreas-kidney transplant and pancreas-after-kidney transplant. 10 After pancreas-alone transplant, however, mortality rates were higher than with exogenous insulin therapy.
Although outcomes have improved, fewer patients with type 1 diabetes are undergoing pancreas transplant in recent years.
Interestingly, more simultaneous pancreaskidney transplants are being successfully performed in patients with type 2 diabetes, who now account for 8% of all simultaneous pancreas-kidney transplant recipients. 11 Outcomes of pancreas transplant appear to be similar regardless of diabetes type.
Bottom line
Pancreas transplant is a viable option for certain cases of complicated diabetes.
■ TRANSPLANTING ISLET CELLS
Despite its successes, pancreas transplant is major surgery and requires lifetime immunosuppression. Research is ongoing into a lessinvasive procedure that, it is hoped, would require less immunosuppression: transplanting islets by themselves.
Islet autotransplant after pancreatectomy
For some patients with chronic pancreatitis, the only option to relieve chronic pain, narcotic dependence, and poor quality of life is to remove the pancreas. In the past, this desperate measure would instantly and inevitably cause diabetes, but not anymore.
In the 1980s, about 13 years after islets were first isolated, researchers learned how to remove them from the discarded pancreas and give them back to the patient. Injected in a percutaneous procedure into the portal vein, the islets lodge in the liver and, amazingly, the beta cells in them keep producing insulin (Figure 1) .
Alpha cells and glucagon are a different story; a complication of islet transplant is hypoglycemia. In 2016, Lin et al 12 reported
Hemoglobin A 1c levels normalize quickly and stay low after pancreas transplant spontaneous hypoglycemia in 6 of 12 patients who maintained insulin independence after autotransplant of islets. Although the transplanted islets had functional alpha cells that could in theory produce glucagon, as well as beta cells that produce insulin and C-peptide, apparently the alpha cells were not secreting glucagon in response to the hypoglycemia. Location may matter. Gupta et al, 13 in a 1997 study in dogs, found that more hypoglycemia occurs if islets are autotransplanted into the liver than if they are transplanted into the peritoneal cavity. A possible explanation may have to do with the glycemic environment of the liver.
Islet allotransplant
Islets can also be taken from cadaver donors and transplanted into patients with type 1 diabetes, who do not have enough working beta cells.
Success of allotransplant increased after the publication of observational data from the program in Edmonton in Canada, in which 7 consecutive patients with type 1 diabetes achieved initial insulin independence after islet allotransplant using steroid-free immunosuppression.
14 Six recipients required islets from 2 donors, and 1 required islets from 4 donors, so they all received large volumes of at least 11,000 islet equivalents (IEQ) per kilogram of body weight.
In a subsequent report from the same team, 15 16 (44%) of 36 patients remained insulin-free at 1 year, and C-peptide secretion was detectable in 70% at 2 years. But despite the elevated C-peptide levels, only 5 patients remained insulin-independent by 2 years. Lower hemoglobin A 1c levels and decreases in hypoglycemic events from baseline also were noted.
The Clinical Islet Transplantation Consortium (CITC) 16 and Collaborative Islet Transplant Registry (CITR) 17 were established in 2004 to combine data and resources from centers around the world, including several that specialize in islet isolation and purification. Currently, more than 80 studies are being conducted.
The CITC and CITR now have data on more than 1,000 allogeneic islet transplant recipients (islet transplant alone, after kidney transplant, or simultaneous with it). The priNeuropathy improved slightly after transplant, but did not normalize BUX RODEMAN AND HATIPOGLU mary outcomes are hemoglobin A 1c levels below 7% fasting C-peptide levels 0.3 ng/mL or higher, and fasting blood glucose of 60 to 140 mg/dL with no severe hypoglycemic events. The best results for islet-alone transplant have been in recipients over age 35 who received at least 325,000 IEQs with use of tumor necrosis factor antagonists for induction and calcineurin inhibitors or mammalian target of rapamycin (mTOR) inhibitors for maintenance. 17 The best success for islet-after-kidney transplant was achieved with the same protocol but with insulin given to the donor during hospitalization before pancreas procurement. For participants with favorable factors, a hemoglobin A 1c at or below 6.5% was achieved in about 80% at 1 year after last infusion, with more than 80% maintaining their fasting blood glucose level goals. About 70% of these patients were insulin-independent at 1 year. Hypoglycemia unawareness resolved in these patients even 5 years after infusion. Although there were no deaths or disabilities related to these transplants, bleeding occurred in 1 of 15 procedures. There was also a notable decline in estimated glomerular filtration rates with calcineurin inhibitor-based immunosuppression.
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Making islets go farther
One of the greatest challenges to islet transplant is the need for multiple donors to provide enough islet cells to overcome the loss of cells during transplant. Pancreases are already in short supply, and if each recipient needs more than 1, this makes the shortage worse. Some centers have achieved transplant with fewer donors, 18, 19 possibly by selecting pancreases from young donors who had a high body mass index and more islet cells, and harvesting and using them with a shorter cold ischemic time.
The number of viable, functioning islet cells drastically decreases after transplant, especially when transplanted into the portal system. This phenomenon is linked to an instant, blood-mediated inflammatory reaction involving antibody binding, complement and coagulation cascade activation, and platelet aggregation. The reaction, part of the innate immune system, damages the islet cells and leads to insulin dumping and early graft loss in studies in vitro and in vivo. Another factor affecting the survival of the graft cells is the low oxygen tension in the portal system.
For this reason, sites such as the pancreas, gastric submucosa, genitourinary tract, muscle, omentum, bone marrow, kidney capsule, peritoneum, anterior eye chamber, testis, and thymus are being explored. 20 To create a more supportive environment for the transplanted cells, biotechnicians are trying to encapsulate islets in a semipermeable membrane that would protect them from the immune system while still allowing oxygen, nutrients, waste products, and, critically, insulin to diffuse in and out. Currently, no site or encapsulated product has been more successful than the current practice of implanting naked islets in the portal system.
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Bottom line
Without advances in transplant sites or increasing the yield of islet cells to allow singledonor transplants, islet cell allotransplant will not be feasible for most patients with type 1 diabetes.
Xenotransplant: Can pig cells make up the shortage?
Use of animal kidneys (xenotransplant) is a potential solution to the shortage of human organs for transplant.
In theory, pigs could be a source. Porcine insulin is similar to human insulin (differing by only 1 amino acid), and it should be possible to breed "knockout" pigs that lack the antigens responsible for acute humoral rejection. 21 On the other hand, transplant of porcine islets poses several immunologic, physiologic, ethical, legal, and infectious concerns. For example, porcine tissue could carry pig viruses, such as porcine endogenous retroviruses. 21 And even if the pigs are genetically modified, patients will still require immunosuppressive therapy.
A review of 17 studies of pig islet xenotransplant into nonhuman primates found that in 5 of the studies (4 using diabetic primates) the grafts survived at least 3 months. 22 Of these, 1 study used encapsulation, and the rest used intensive and toxic immunosuppression.
More research is needed to make xenotransplant a clinical option. 23 Human pluripotent stem cells derived from pancreatic progenitors have been shown to mature into more functional, islet-like structures in vivo. They transform into subtypes of islet cells including alpha, beta, and delta cells, ghrelinproducing cells, and pancreatic polypeptide hormone-producing cells. This process takes 2 to 6 weeks. In mice, these cells have been shown to maintain glucose homeostasis. 24 Phase 1 and 2 trials in humans are now being conducted.
Pagliuca et al 25 generated functional human pancreatic beta cells in vitro from embryonic stem cells. Rezania et al 24 reversed diabetes with insulin-producing cells derived in vitro from human pluripotent stem cells. The techniques used in these studies contributed to the success of a study by Vegas et al, 26 who achieved successful long-term glycemic control in mice using polymer-encapsulated human stem cell-derived beta cells.
Reversal of autoimmunity is an important step that needs to be overcome in stem cell transplant for type 1 diabetes. Nikolic et al 27 have achieved mixed allogeneic chimerism across major histocompatibility complex barriers with nonmyeloablative conditioning in advanced-diabetic nonobese diabetic mice. However, conditioning alone (ie, without bone marrow transplant) does not permit acceptance of allogeneic islets and does not reverse autoimmunity or allow islet regeneration. 28 Adding allogeneic bone marrow transplant to conditioned nonobese diabetic mice leads to tolerance to the donor and reverses autoimmunity.
■ THE 'BIONIC' PANCREAS
While we wait for advances in islet cell transplant, improved insulin pumps hold promise.
One such experimental device, the iLet (Beta Bionics, Boston, MA), designed by Damiano et al, consists of 2 infusion pumps (1 for insulin, 1 for glucagon) linked to a continuous glucose monitor via a smartphone app.
The monitor measures the glucose level every 5 minutes and transmits the information wirelessly to the phone app, which calculates the amount of insulin and glucagon required to stabilize the blood glucose: more insulin if too high, more glucagon if too low. The phone transmits this information to the pumps.
Dubbed the "bionic" pancreas, this closedloop system frees patients from the tasks of measuring their glucose multiple times a day, calculating the appropriate dose, and giving multiple insulin injections.
The 2016 summer camp study 29 followed 19 preteens wearing the bionic pancreas for 5 days. During this time, the patients had lower mean glucose levels and less hypoglycemia than during control periods. No episodes of severe hypoglycemia were recorded.
El-Khatib et al 30 randomly assigned 43 patients to treatment with either the bihormonal bionic pancreas or usual care (a conventional insulin pump or a sensor-augmented insulin pump) for 11 days, followed by 11 days of the opposite treatment. All participants continued their normal activities. The bionic pancreas system was superior to the insulin pump in terms of the mean glucose concentration and mean time in the hypoglycemic range (P < .0001 for both results).
Bottom line
As the search continues for better solutions, advances in technology such as the bionic pancreas could provide a safer (ie, less hypoglycemic) and more successful alternative for insulin replacement in the near future. ■
